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controllers intc a single ncnlinear controller which has feeback gains that
are scheduled with high co rresscr speed. Variable fan, compressor and exhanst
geometries 2s well as main burner fuel f!crv are coordinated by the controller
to achieve rapid engine dynamic response.

Engine accelerations from idle to military thrust levels with the defined
nonlinear Ioptim', controller were computed using a detailed digital nonlinear
sinilation of the engine. These accelerazions were compared with those obtained
using a conventional controller designed .o provide rap3d thrust response. The
optimal controller provided significantly faster P401 engine model acceleration
from idle tc military thrast, without exceeding temperature or stability margin
constraints. Moreover, the optimal controller moved exhaust and fan geometries
in a significantly different manner than the conventional controller.

An integrated inlet-engine controller was also defined for the F401 engine
and a mathematical model of an internal compression supersonic inlet. The
inlet had variable throat and bypass geometries and was interfaced with the P401
engine simulation for a flight condition of 40,000 ft and Mach 2.2. Closed-loop
propulsion system response to sim-lated afterburner ignition was evaluated for
separate inlet-engine controls and for the integrated controller.

The integrated coatroller provided closed-loop regulatio)n which was as
good as or better than the separate controls for all critica2 inlet and engine
variables. Also, the improved regulation was accomplished using considerably
smaller control positions and rates. The improvement in inlet-engine dynamic
performance with the integrated controller ras due primarily to crcss-feedback
from the engine state variables to the inlet control variables.
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FOREWORD

This annual technical report documents research performed from 1 February 1973
tc 31 January 1974 under Office of Naval Research Contract N00014-73-C-0281. The
:esearch program is beir'g conducted at United Aircraft Research Laboratories (UARL),

East Hartford, Connecticut 06108. r. Govert Flohil1 is serving as the MR Scientific
0fficcr.

This report is issued as UARL Report N91620-2.

I
I

41

I



I

jReport i911620-2

Development of Optimal Control Mode,

f Lor Advanced Technology Propulsion Systems

TABLE OF C=-12S

Page

SU'. ......... ......... .................................... 1

S RESULTS AND] CONCLUSIOnS ............. .......................... 2

r-iTRODUCTION ......... ...... ................................ 3

SYNTHESIS OF .All OPTIMAL F_DBACK CONTROL SYSTE4 ..... ................

ft 1 iltivariable Engine Dynamics . .. .. .. .. .. .. .. .. .. . .. 4
Calculation of Out imal Feedback Gains. . ................. 6
Nonlinear Feedback Control Snthesis .. ......................... 7

Characteristics of the Optimal Mltivariable Controller Developed
for the F401 Engine .......... ............................ P

Comparison of F401 Engine Response with Optimal 1&ativariable and
Conventional Controllers ........... ........................ 9

ISYNTHESIS OF AN OPTIMAL INTEGRATED INLET-ENGINE FEEDBACK CONTROL SYSTEM. . . . 11

Design Objectives and Conditions ...... ..................... . l.11
Supersonic Inlet Model .l.... . . .... . ..... ....... .. 11
Identification of Coupled Inlet-Engine Dynamics .... ........... .... 12
Synthesis of Integrated Inlet-Engine Control .... ............ .... 13
Synthesis of Separate Inlet and Engine Controllers. ... .......... .. 15
Comparison of Inlet-Engine Response with Separate and Integrated
Controllers .......... ............................. .. 16

CURRENT UARL PROGRAM ......... ................................. 13

REFERENCES .......... ........................... .......... 19

LIST OF SYMBOLS ........... ................................ . 20

TABLES I THROUGH XIV ..................................... .. 24

FI FIGURES l1THROUGH 13.......................................... 42



I Report 191620- 2

Development of Optimal Control Mo des

for Advanced Technology Propulsion Systems

ISUIY

I A nonlinear multivariable feedback controller was defined for the idle to
military operating regime (9 to 100 percent thrust) of the Pratt & Whitney AircraftI F401 variable cycle turbofan engine. The analytical design involved (1) linea:izing
the F4O! engine dynamics about five steajy-state operating points between idle and
military thrust, (2) applying linear optimal control synthesis methods at each point,

and (3) combining the five optimal linear controllers into a single nonlinear con-

troller which has feedback gains that are scheduled with high compressor speed.
Variable fan, compressor and exhaust geometries as well as main burner fuel flow are

I coordinated by the controller to achieve rapid engine dynamic response.I

Engine accelerations from idle to military thrust levels with the defined non-

- linear (optimal) controller were ccmputed using a detailed digital nonlinear simula-
tion o0 the engine. These accelerations were compared with those obtained using a
conventional controller designed to provide rapid thrust response. The optimal con-

I troller provided significantly faster F401 engine model acceleration from idle to
military thrust, without exceeding temperature or stability margin constraints.

Moreover, the optimal controller moved exhaust and fan geornetries in a significantly

g different manner than tne conventional controller.

An integrated inlet-engine controller was also defined for the F401 engine and

a mathematical model of an internal compression supersonic inlet. The inlet had
variable throat and bypass geometries and we, interfac., with the F401 engine sinu-
lation for a flight condition of 40,000 ft and Maci' ?.2. Closed-loop propulsion

I system respo,.0e to simularted afterburner ignitior ,s --valuated for separate inlet-
engine controls and for the integrated controller.

The integrated controller provided closed-loo2 '-egul',. on rhich .s as good
as or better than the separate controls for all critical .inlet and erine varLables.

Also, the improved regulation was accomplished usir cons .erably sr uler coi ;rol

positions and rates. The improvement in inlet-engine dyrmic performance with the
integrated controller was due primarily to cross-feedbac, from the engine state

I variables to the inlet control variables.

11
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!
RESULTS A D CONCLUSIONS

i 1. A n-nlinear rultivariable feedback controller was developed for operation of
the F4CI variable geometry turbofan engine between idle and military thrust condi-

ticns '- :ercent end l3C rercent thrust, respectively) The piecewise-linearihiece-
wise--:tiTal a.-roach to nonlinear control synthesis, develored and reported under

re. I s ;i'R contract (Ref. 1', wa. used to efin.e the controller. Thrust resi cnse
for nonlinear multVvariable control was approximately 30 percent faster thar that

-for the conventional controller, 4.e., the 98-percent thrust point was reached in

C-32 sec versus 3.40 sec for cGnventional c-ntrol. Both controllers avoiJed engine

overtemperatures and trovided similar fan and compressor stability margins.

2. The nonlinear multivariable controller chatiged fan inlet guide vane positicns
an-i et exhaust area in a manner significantly different from the conventional con-

trciler. For the ortimal control mode, fan inlet guide vane changes led the steady-

"Cal ., .: ... r £,i le -:are versus "an . - eule rim'ed f,-,r :t'':-
state FL01 operation), and for conventional control they lagged the steady-stat

schedulc. Jet exhaust area, with the cLtimal controller, did not move far from its
initial position until the fan stability margin had begun to increase. At that time,
exhaust area .ecreased rapidly to its bottom rosition limit and then increased rapid-
:y tc its final steady-state value. In the conventional control mode, exhaust area
first increased rariily, remained constant for a time, and then decreased to its

steady- state value.

3. A mathematical model of an internal compression supersonic inlet was interfaced

with the F4O1 engine simulation at a flight condition of 40,000 ft and Mach 2.2,
and an integrated inlet-engine controller was designed for that operating point.

Integrated control also was synthesized using the piecew-se-linear/piecewise-optimal
I techniques. The integrated controller regulated all critical inlet and engine

variables as well as, or better than, the separately designed system. The improved
performance was accomlished using considerably smaller control positions and rates,

and was due to inlet-engine crcss-feedback in the controller.

I
I

9.

t



N911620-2I
SflTRODUCTION

Advanced technclogy propulsion systems consist of inlet-engine combinations
which incorpcrate a variety of variable geometry features. Traditional control
synthesis procedures appear to be inadequate to exploit the full performance capa-
bilities cf advanced technology ;rcpulsion systems because the traditional tech-
niques dc not properly treat the zarameter interaction which exists in these non-
linear multivariable systems. Hzwever, modern methods based on a state variable
description of system dynamics and the use of optimization procedures to generate
feedback control provide the necessary analyuical techniques.

I The piecewise-linedxr/;iece-ise-optimal control synthesis approach, in partic-
ular, is attractive because it provides a means to analyze the nonlinear aspects of
the propulsion system controller design problem. In addition, there are no compro-
mises in its ability to handle the multivariable properties of the system. This
control design concept was developed by UARL in a previous program with ONR (Ref. 1).
Optimal multivariable feedback controilers are developed for each point about which
the dynamic system to be controlled iF linearized. N nlinear feelback •.tr 1 is
then constructed by scheduling the optimal linear controllers with system state.
The nonlinear characteristics of the dynamics influence the analysis only in the
initial phase during piecewise linearization and in the final phase when the non-
linear controller is implemented and evaluated. In a previous program (Ref. 2),
this technique was applied to a detailed nonlinear model of the Pratt & Whitney
Aircrelt F401 variable cycle turbofan engine and an optimal multivariable feedback
controller was defined for high power engine operation (80 to 100 percent thrust).
Calculated F401 engine response using this controller was significantly faster than

j the response for a state-of-the-.art conventional control*.

The principal objective of the studies described in this report was to define
and evaluate an optimal multivariable controller capable of accelerating the F401
engine model from idle (9 percent thrust) to military (100 percent thrust) condi-
tions. Another maj -r objective was to determine performance advantages and char-
acterist-cs uf an inlet-engine feedback controller designed by treating the inlet
and engine as a single integrated dynamic system.

i

I *The conventional control used for comparison in Ref. 2, as well as in this report,
is the PSNA fast accel controller.

:3
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I SYNTHESIS OF AN OPTIMAL FEEDBACK CONTROL SYSTEM

The application to the F401 engine of the piecewise-linear/piecewise-optimal
method for synthesizing multbvariable feedback control is described in this section.
The objective was to synthesize a multivariable controller which would provide
significantly faster accelerations than those resulting for a conventional control
mode, while satisfying temperature, sbability, control position aid control actusa.
tion rate constraints. Engine input, state and output variables which are appro-
priate for the synthesis procedure are introduced initially, and the linearization
of engine dynamics is described. Linear optimal contvol methods used to compute
feedback gains are outlined next, and the development of the nonlinear feedback
controller from the sets of linear gains is discussed. Finally, the particular
optimal mltivariable controller developed for the F401 engine is detailed, and
calculated engine response for the optimal mnltivariable controller is compared
with that which can be obtained for a conventional controller.

I Multivariable Engine Dynamics

j The first step in applying the piecewise-linear/piecewise-optimal control
4technique is to define engine control variables, state variables, and output

variables. The F401 engine has variable exhaust, fan, and compressor geometries.
j Accordingly, the control variables chosen for this study were:

- jet exhaust area (ul)

1 • fan inlet guide vanes (u2 )

•. rear compressor variable vanes (u3 )

- main burner fuel flow (u4)

* The engine state variables chosen were:

I • fan turbine inlet temperature (xl)

. main burner pressure (x,)

•. fon speed (x )

•. high compressor speed (x4 )

. afterburner pressure (X5)

I
4



i N911620-2I
These independent variables are sufficient to establish the F401 operating condition

and to define the dynamic path of the engine. The engine output variables were
selected after consideration of engine steady-state operating requirements. For

I efficient steady-state performance the positions of the fan inlet guide vanes and
the rear ccmpressor variable vanes are scheduled as functions of fan speed, Nj,
and high compressor speed, N2, respectively. It is therefore desirable that, in
the steady state, the vane positions be at their scheduled values. This was accom-
plished by (1) defining the fan inlet guide vanes and the rear compressor variable
vanes as the first two output variables, yl and Y2, respectively, and (2) commanding
that y1 and y2 achieve their steady-state scheduled positions as a function of
steady-state N!, U2, respectively. This procedure allowed transient vane operation
to be optimized wnile insuring proper steady-state positioning. The remaining
engine output variables considered were:

- thrust (y3 )

. high turbine inlet temperature (y)

1 • fan corrected airflow (ys)

• fan stability margin (y6)

• compressor stability margin (y7 )

1 Table I lists values of the steady-state engine variables for sea-level static
conditions at five power-lever angle (PLA) design points: PLA = 20, 35, 47, 60 and
73 deg. For convenience, all ei-gine parameters except fan and compressor vanes and
fan and compressor stability margins have been normalized to 1.0 at PLA = 73 deg.
The vane positions are defined as ratioz of their maximum positions, and the two
stability margins are given as ratios of one (a smaller value indicates reduced
stability margin). These data are also shown in Fig. 1, where linear interpola-
tion has been used between design points to define the steady-state values as
functions of power-lever angle. The 20-deg PLA is the engine idle condition wqhile
the 73-deg PIA represents the military rating condition (maximum nonafterburning
thrust).

I The next step in the synthesis procedure is to -inearize the engine dynamics
at a set of points along the steady-state operating line. Linear dynamics at a
steady-state operating point can be represented by

6x = Abx + B8u

8y = C6x + D8u

5
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where the vector 5x represents perturbations in the five engine state variablez,
the vector By re.)resents perturbations in the seven output variables, and the
vector Su represents perturbations in the four control variables. The constant
matrices A, B, C and D consist of appropriate partial derivatives of the engine
dynamic response evaluated at the giver operating point. Linearized engine dynam-
ics at PIA = 20, 35, 47, 60 and 73 deg, calculated in a previous program (Ref. 1),
were used here for control synthesis. The calculated value. of A and B at each of
the five control design points are presented in Table II where the control, state,
and output variable ordering is as previously defined. The correspondinZ C and D

I matrices are presented in Table III. The matrix elements were determined by apply-
ing a system identification technique to input-output-state data generated by a
nonlinear dynamic computer simulation of the F401 engine (Ref. 3). Details of the
system identification procedure used are contained in Ref. 1.

Four integrators, one for each control input, were also added to the linear
engine model of Eq. (1). These integrators are used in the opti4mal controller to

insure zero steady-state errors in ccnmmanded engine response. Augmenting the
linear engine dynamics with the integrators results in the following equations

for the controlled plant:

8c = Abx + B6u

I =~ =w (2)

6y = C6x + D6u

IThe linear engine model with the integrators is shown in Fig. 2(a).

I Calculation of Optimal Feedback Gains

Optimal linear feedback gains were computed at the five selected control design
points by minimizing the following performance index:

[ j Jql(IGV )2  + q(F)2  (T) 2  2

+ o2RV) + q5(FM + q6(CsM)(31 
i

+rl(Aj) + r2 (IG\) + r3 (R VV)2 + r4(f)2 dt

where qi, ri are weighting factors and

IGV A perturbed fan inlet guide vanes

RCV A perturbed rear compressor variable vanes

6
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p rerturbed thrust

TIT perturbed high bzbine inlet temperature

FSM A perturbed fan stability margin

j CSM A perturbed ccmressor stability margin

A. perturbed jet exhaust area

f _ erturbed main burner fuel flow

The dot notation denotes time rate-cf-changc of a parameter. The solution tc the
linear ortimal control vroblem, i.e., the minimization of J (Ref. 4), leads to the
standard crtimal control structure shown in fig. 2(b). The constant matrices G1
and G2 (Fig. 2(b)) are the optimal closed-loop feedback gain matrices. The gain
matrix M4 has been added to the controller to permit the consideratic. --f command

inzuts 6 z.

Tc insure zero steady-state errors between desired and actual output, an
integral control structure (Fig. 2(c)) was derived from the standard forw. A

Imethod for converting from the common linear optimal structure to an irtegral
control which retains the desired optimal control characteristics was developedI in Ref. 1. The integral control gain matrices H and L are determined from the
system matrices A, B, C and D and the standard optimal gain matrices G and G2 .
Since there are four independent engine control variables, the steady-state values
of four engine output variables can be specified independently. The vector vI ,Fig. 2;c, represents those four engine output variables whose steady-state values

are to be specified.

Nonlinear Feedback Control Synthesis

I After the H and L matrices (Fig. 2(c)) were computed at each control leriFn
point, linear interpolation was used to define the matrices as functions of nigh

if compressor speed, N2 , between design points, i.e., H = H(N2 ), L = L(N2 ). If H

I and L are defined in this manner, the optimal control is

x( t)
u*(t) L(N2) dx +

I( ~ f'HN)J()-()d *O 4
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I

The vectors v and z are

v I = fan inlet guide vanes zI = commanded v,

v2 = rear compressor variable vanes z2 = commanded v,

v3 = thrust z3 = eommanded v3

v4 = high turbine inlet temperature z4 = commanded v4

The functions zl, z2 , z7, z4 were coordinated s.ch that the ngine was ccmmanded
* from initial to final conditions both of which were always on its szeady-state

operating line (as defined in Fig. 1) when operating point war changed. The
resulting nonlinear closed-loop control structure is shown in Fig. 3. For con-

v venience, the engineering symbols used in Fig. 3 for the engine variables denote
actual rather than perturbational values.

I Characteristics of the Optimal Mlltivariable
Controller Developed for the F401 Engine

I The performance index weightings qi, ri (see Eq. (3) for definitions) were
selected at each control design point so that the resulting controller feedback
gains (1) produced a rapid engine acceleration and (2) avoided exceeding maximum
allowable control actuation rates, max.m=n control positions, and minimm allw-
able fan and compressor stability margins (stability must be greater than zero).

I Table IV presents maximum and minimum limits on F401 control positions and rates.
Table V lists a set of weightings for which engine response with the optimal con-
troller will be shown. The higher thrust weightings, q3 , at PLA = 47, 60 and

1 73 deg (Table V) result in a rapid thrust response during that part of the tran-
sient where compressor and fan stability margins pose no problem. The large weight-
ings on high turbine inlet temperature, q4, at PIA = 20 and 35 deg result in a very

if rapid temperature response, which in turn helps to provide a rapid engine accelera-
tion. The even larger weighting on temperature at PLA = 47 deg regulates the
temperature response when temperature is close to its maximum commanded value,

I and thereby prevents overtemperature.

The weightings on rate-of-change of fan stability margin, q5 , at PTA = 47 and
60 deg (Table V) permit rapid accelerations at high power levels without sarging the
fan (e.g., engine accelerations from 80 to 100 percent thrust). Such a weighting
is not necessary at the idle condition (PIA = 20 deg) because the large weighti.ng

j there on rate-of-change of jet exhaust area, rl, protects against fan surge. Also,
it was found that if r I were chosen too small at PTA = 20 deg, the jet area would
respond to a large step in PLA by immediately decreasing to its bottom position
limit. Jet area would then remain there during most of the resulting transient

8



1911620-2I
3 before increasing to its steady-st .te va'Me. This presented a problem, &ince the

movements of the remaining three contro.L were being diafined on the basis of a jet

area which was free to move in eithr a positive or negative direction. Ccnsequent-

ly, the movements of these three contrcls (fuel flow, fan inlet guide vanes, rcar

comzressor variable vanes) becaue uncoordinated with the jet area morement, end pol-

closod-loor performance resulted. The larger weighting on rate-of-change of jet
I area at PIA = 20 deg thus serves the dual purposes of (L) maintaining coordination

between all four control variables by preventing the jet area from operating on its

bottom limit for a long period of Vne, and (2) preventing fan surge by not allow-I ing the jet area to immediately decrease rapidly after a step PILA thange.

The high weighting o:; rate-of-change of compressor stability margin, -6, at

PLA = 20 deg (Table V) !nzures adequate comressor margin at the beginning of the
transient, where compressor stall is most likely to occur. Increased levels of
comressor margin are also obtained b, not allding the rear compressor variableI vanes to move rapidly away from their steady-state schedule during the initial
stages of the transient. This is the purpose of the high weightings at PIA = 20

and 35 deg on rate-of-change of1 compressor vanes, r 3 .

Feedback gain matrices H and L which result for the weightings of Table V are

presented in Table VI. Recall that intermediate values of H and L were computed

for the optimal controller by interpolating linearly -ith N Consequently, H
and L can be regarde as continuous functions of N2 between the end points shown
in Table VI.

Comparison of F401 Engine Response with Optimal

I tMultivariable and Conventional Controllers

The optimal mnltivariable feedback controller (Fig. 3) having the parameters

de.cribed in the previous section was implemented on the UARL nonlinear computer

simulation of the F401 engine (Ref. 3). Engine response for ?n acceleration command

from idle to military thrust, i.e., a step change in PLA from 20 deg (9 percent
thrust) to 73 deg (100 percent thrust), was calculated. The results are shown in
Figs. 4 through 10. Figures 4 through 8 show time responses for the following
engine variables, respectively: thrust, high turbine inlet temperature, compressor

and fan stability margins, fan and compressor speeds, airflow, exhaust area and fuel
flow. Changes in the positions of the fan inlet guide vanes and rear compressor

* variable vanes are plotted versus fan and compressor speeds in Figs. 9 and 10,
respectively. Fan and compressor variable geometries are presented as functions

of spool speeds to more clearly depict the relationship betwt-?n transient and

3 steady-state vane positions. Comparative engine response data for an F401 con-

ventional controller, which was designed to provide rapid engine acceleration,

are also shown in Figs. 4 through 10. Conventional response data were generated

9
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I by tne Florida Research and Development Center of Pratt & Whitney Aircraft using

an F401 engine deck similar t, that provided for UARL. Iwever; there are slight

differences in the decks which cause the small mismat-h e-vdent between the two

sets of results at the steady-state operating points.

Thrust response for the optimal controller is approximately 30 percent more

rapid than for the conrentiona! controller (Fig. 4). That is, the optimal co~troller

thrust res;onse reached the 98-percent pcint in 2.32 sec, while conventional thrust

response reached the same poiut in 3.40 sec. The high turbine inlet temperaure

response for the cptm1 control was also sigmificantly fastez than the conventional

temperature response (Fig. 5(a)). This difference contributed to the thrust improve-

* ment fcr the optimal system. Miniznm levels of compresscr and fan stability margins

were similar for the two types of control (Figs. 5(b) and 5(c):, as were tlic fan and

compressor speed and the airflow responses (Fig. 6).

IComparing time histories of the four engine control variables for the different

controllers following the step PIA 2o=mand (Figs. 7 through 10) provides insight

I intc how the optial Controller achieved its rapid acceleration. The optimal con-

troller moved jet exhaust area (Fig. 7) and fan inlet guide vanes (Fig. 9) in a

manner distinctly different from the corresponding conventional control movements.

For the optimal controller, jet exhaust area (Fig. 7) did not move far from its

initial position until the fan stability margin (Fig. 5(c)) had began to increase

(about 1.1 sec into the transient). At that time, jet exhaust area decreased rapid-

ly to its bottom position limit, and this was followed by a rapid increase to its

final steady-state value. With the conventional controller, exhaust area increased

rapidly, remained constant, and then decreased to its steady-state value (Fig. 7).

Fan inlet guide vanes, under optimal control, led the programmed steady-state

schedule*, but they lagged the steady-state schedule with the conventional controller

(Fig. 9). These differences between the way in which optinal and conventional con-

trollers change the F401 variable engine geometries are simi2ar to those previously

reported for high-thrust (80 to 100 percent) engine acceleeations (Ref. 2).

jFinally, engine fuel flow input for the optimal controller was much more rapid

than for the conventional controller (Fig. 8). j±is difference in engine fuel flow

resulted in the xore rapid temperature response of the optimal system which was

I described previously (Fig. 5(a)). The optimal controller was able to rapidly input

fuel flow, but, by the proper coordination of all engine controls, avoi,
1 overtem-

perazure and stability problems.

*The steady-state schedule adjusts fan and compressor vane position with fan and

compressor speeds, respectively, to insure efficient steady-state engine operation.

i0
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sr-47HB~is OF Ml OPTMU flUT111TKDI flrLET-FENGflE F=CK C01MTOL SY-S"P2

In tis section the design of an integrated feedback controller for the F401
turbzfan engine mcdel and an internal co-rressiun supersonic inlet model is de-

I scribed. The -Aesign objectives end conditions are described initially. Inlet-
engine input, state and output variabLes apprcpriate for synthesizing feedback con-
trc;. are defined next, nd the couling -!f inlet-engine dynamics is discussed. Tn.e
2 inear cmtimal. control netrnods used to compute feedback gtins are then outlined,
and, fiially, pro -!l_-'n system response t3 si mulated afterburner ignition for
integrated and se arate inlet and eagine controllers is compared.

Design Objectives and Conditions

The objective of this effort was to design an integrated controller which uses
cross-couzling feedback paths between the inlet and the engine te' provide improved
inlet-engine dynamic perfcrmance. Linear cptimizatizn methzd- were used t- czmtute
integrated control gains, and alsc to compute the inlet control and engine control
gains separately. The latter results were used to provide comparative inlet-engine
resrc'nse for non-integrated controls. Design criteria upon which control synthetis
was basea were (1) regulating the inlet normal sh'c.c position, (2) regulating theI throat Mdch number, and (3) maintaining smooth far. airflow. In addition, the con-
trcl designs were to allow only small variatins in engine stability margins and
high turbine inlet temperature sc as z- insure safe closed-loop system response.
The effectiveness of the controllers ii. satisfying these design criteria was
evaluated for simulated engine afterburner ignition.

Supersonic Inlet Model

An internal compression supersonic inlet model was selected for this study

be-ause this type cf inlet provides the greatest potential for improved dynamic
performarce. The internal compression inlet operates at its greatest efficiency

I (highest pressure recovery) when the throat Mach number approaches one, and the
normal shock is located very near the inlet throat. However, the normal shock

will be expelled from the inlet if the normal shock reaches the throat. This
phenonenon is termed "inlet unstart" and results in very inefficient pressure
recovery as well as distorted airflow to the engine. An integrated inlet-engine
controller may result in significantly increased pressure recovery by permitting

safe operation closer to the unstart condition.

-11
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A mathematical nodel of Pn internal compression superscnic inlet linearized
about a flight condition of 40,000 ft, M4ach. 2.2 was constructed by the Hamilton
Standard Division of United Aircraft Corporation. This flight condition was chcsenJ because it represents a military-specified -perating point at which aircraft/engine
:erformaace is evaluated. Inlet compatibility with the F401 engine was achieved b
designing the inlet for F401 fan airflw and fan airfluw Mach number at the selectei
f" ,ght condition. The linearized inlet model is shan in Fig. 11. The inlet con-
trols selected were throat area (uIn), bypass area (u!2), and fan corrected airflow
(ui3). Fan corrected airflw (an outpct of the engine) is the coupling variable

I fro-- the engine to thc inlet. The outputs cf the two integrators in the inlet model
(Fig. .) we-e defined to be the inlet states, xi1 and xI2. The outputs chosen for
the inlet were throat l.iach number (yI1), normal shock position 'Y2), and fan inlet
total pressure (yi 3 ).

h The A, B, C and D constant matrices of Eq. (1) for the inlet model ar! given
in Table VII. Table VIII lists values of the steady-state inlet and engir.e param-
eters at the 40,000 ft, Mach 2.2 design roint. For convenience, throat area, fan
inlet total pressure, and afterburner fuel flw were norma.z-xi ,o 1.0 at the
design flight condition. Also, normalized vadues cf bypass area and normal shcck
positionw ere defined to be 0.11 and 0.16, respectively, at the design flight condi-
tion. These values for bypass area and normal shock position correspond to their
athey are expressed in ft2 and ft, respectively. Note that a
variation of -0.16 in the normal shock position represents the i-ilet unstart condi-
tion. Normalization of the other engine parameters was identical to that defined

j previously in the discussion of the engine controller sy--hesis.

Identification of Coupled Inlet-Figine DPynamics

Linearized engine dynamics at the 40,000 ft, Mach 2.2 flight condition wereJidentified first as a prelude to interfacing the inlet model of Fig. 11 with tne
F401 engine model. Engine state variables were as previously defined; however,
the engine control vectcr was augmented by afterburner fuel flow and fan inlet
total pressurte. Note that perturbed fan in'.et total rressure is also &n output
of the inlet (,ee Fig. .0,); hence, it represents the coupling variable from the
inlet to angine. The engine output variables considered here were thrust, high
turbine inlet temperature, fan corrected airflow, f&, stability margin, and com-
pressor stability margin. The A, B, C and D constant matrices for this operating

4 j;oint were determined by applying a system Jdentification technique to input-outpat-
state data generated by the F401 computer simulation. Details of the system identi-
fication procedure used are contained in Ref. 1. The computed values of the A, B,

4 C and D engine matrices with input, state, and output ordering as defined in this
section ere presented in Table IX.

12
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The next ste. in the i.dentification of coupled inlet-engine dynamics was to
represent the combined inlet-engine system in the form of Eq. (1). The overall
inlet-engine model was fzrmed by combining the previously developed inlet and
ergine models. The ccmbined inlet-engine states and outputs were the previously
defined engine and inlet states and outputs, respect~vely. Cztrols for the inlet-
engine syszte cuncisted of the previously defined inlet and engine controls, with
the ?.cetion of the coupling variables. Coupling variabies represent parametero
which are internal to the overr system. The coupling variable from the inlet to
the engine was fan inlet tctal zressure and the couplL-g variable from the engine
to the inlet was fan corrected airfla. The resulting combined system A, B, C

matrices as well as control, output, and state variable ordering are presented
in Table X.

Synthesis of Integrated Inlet-Engine Control

Cpti aJ. linear feedback gains were computed by minlmizing the performance inde:

J = ql(TT) 2 + q2 (wair)2 + PrS2M)2 + %4(CSM)2 + q5 (N F) + 2(Nc)J 0

+ a7(MTH)2 + %8(Xs)  rl(Aj) 2 + r2 (IGV) + r 3 (RCV) 2 + r4(.2f)

+ r5(W ab) + r6(AH) + r7 (AB) 2  dt

-%,here qi, ri are weighting " .sCs, and

a A perturbe fan corrected airflow

NiF 6 perturbed fan speed

Nc perti bed high compressor speed

MIH perturbed throat Mach number

X,; perturbed normal shock position

ab -Derturbed afterburner fuel flow

ATH = perturbed throat area

ABY p perturbed bypass area

13
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while the other symb-cls are as previously defined. The perftrmrce index includes
all of the inrut rates to accoant for and zatisfy actuation rate limits. The remain-
ink parameters are Tfhcluded because their reponse is critical in ev'!uating closed-
l.:. system performance. The structure of the resulting raltivariable controller
is shown in Fig. 2(b,. Because only the regilator problem was considered (6z = 0
in Fig. 2(b)), the standard structxre of Fig. 2(b) was not transfcrmed to the

I integr.l structure of rig. 2(c).

Before the weighting factors were chc 3en, acceptable propulsion system response
tc a simulated afterburner ignition was defined. The design -it -zia for inlet per-
forrance specified that variations in threat Mach number and normal shock position
be minimized. For satisfactozy engine performance the variations in fan corrected
airflow, fan stability margin, compressor stability mar"a , and high turbine in-et
temperature were also t,- be minimized. In addition, the engine was to be maintained

I near its steady-state cerating pcint since this point represents efficient engine
operation for the given flight ccndition. This was accomplished by permitting only
small transient variations in fan and high compressor speeds.

I The performance index weightings were selected so thxt the resulting controller
feedback gains produced satisfactory inlet-engine respcnse to a disturbance equiva-Ilent to that from an afterburner light. This disturbance consisted cf a step change
in afterburner fuel flrr. A very large weighting factor, rs, was used to insure
that afterburner fuel flow had a negligibly small rate-of-decrease to zero from
its stepped value. Table XI lists the set of weightings and Table XII the con-
troller feedback gains for which inlet-engine response will be shown. The inte-
grated controll3r is comprised of engine feedback gains, inlet feedback gains, and

I cross-coupling gains between the inlet and engine. 'he gain matrices (G1 and q2,
Fig. 2(b)), have therefore been partitioned as

GlE G--EI FGIG 1-PE
G1 = - G2 = (6)

GlT E 1 L2I 21Er The 5 x 5 31E and G2E matrices represent feedback paths to engine control rates
fraa engine states and control inputs, respectively. The feedback gains to inlet

Icontrol rates from inlet states and controls are given by the 2 x 2 gain matrices
Gli and G2I, respectively. The 5 x 2 gain matrices GlEI and G2E I represent the

coupling gains from the inlet states and controls, respectively, to the engine
control rates. The coupling gains from the engine states and controls to the inlet

control rates are the 2 x 5 gain matrices Gli E and G2IE, respectively.

CI
li
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ISynthesis of Separate Inlet and Engine Controllers

Separate inlet and engine controllers were also designed using modern control

I theory. The separate inlet controller used only inlet information to achieve satis-.
factory inlet performance, and the separate engine control u-ed only engine informa-

tion. Designing the engine and inlet controls separately ignored the k.ncwn cross-
if ourling betw7een engine and inlet variables. However, there was no spec.fication

that a particular control variable was to control a particular output variable.
Cross-cou;ling paths within the engine alone and within the inlet alone -were used.

I Feedback gains for the inlet control were computed by mininizing

cc = 7  
2  2 _~ r~A 2  r r(A) 2 + r (~ 2 J dt ()

0

and the gains for the engine control were computed by minimizing

J [ (TT) 2 + q2(wair)2 + a (SM + aA(CSM) + q 5(N.)~ + q6(N 2

+ rl(AJ) 2 + r 2 (IGV) 2  r 3 (R6VV) 2 + r 4 (f )2 + rS(wab) I dt

where the symbols are as previously defined. Recall that for the inlet model alone,
perturbed fan corrected airflow was considered an input (see Fig. lU). The control
crtinization procedure therefore theoretically called for direct fan airflow control
tCo regulate the inlet. However, this is inconsistent with propulsion system design.

That is, fan airflow can only be controlled indirectly, e.g., by changing system

I geometries or fuel flows. To reconcile the model mathematics with the actual pro-
pulsion system, a very large weighting, -9, on perturbed airflow was used. The

large weightirg resulted in negligibly small feedback gains to airflow and thereby
4 avoided the implications of direct airflow control.

Weighting factors were chosen for the performance indices of Eqs. (7) and (8)

which were identical to the weighting factors in the integrated control performance
index of Eq. (5). The gain matrices G1 and G2 for the inlet and engine models,

wher the inlet controller and engine control.lr were designed separately, are given
in Table XIII. Note that the gain matrices resulting from separate engine and inlet
control synthesis are &pproximately the same as the integrated control gain matrices

v a (Table XII), except that the inlet-engine cross-coupling feedbacks are zero for
separate control synthesis.

1
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Compar.son of Inlet-Engine Response
-with Separate and Integrated Controllers

Inlet-engine model response with the integrated controller was calculated for
I a simulated afterburner ignition consisting ef a 10-percent step in afterburner fuel

flow. The effects of this step are considered to be representative of the distur-

bances caused by afterburner lightoff. The clo3ed-loop time responses for the

integrated controller are shawn in F.g. 12. For the given step in afterburner fuel

flo.w, a -ze_-cent increase in steady-state thrust resulted with less than !-percentI maximum .riation in fan stability margin and less than 0.5-percent mraximm varia-
tion in f . corrected ,rflo., comressor stability margin and high turbine inlet
temperature. The changes in the steady-state values of the fan and high compressorLsTeeds caused by simulated afterburner ignition were negligible. The maximum varia-

tion in throat Mach number was less than 0.002 and the maximum variation in normalI shock position was 0.0053.

Comparative closed-loop time responses are also Lhown in Fig. 12 for the con-
troller which had been designed by considering the engine and inlet separately.

The engine rerformance remained essentially unchanged from that which resulted for
integrated control. There was a minor improvement Ln throat Mach number variation;

however, the maximum variation in normal shock position more than tripled from

1 -0.0017 for integrated control to -0.0053 for separate control (recall that a varia-
tion of -0.16 would cause inlet unstart). This tripling of the normal shock posi-

tion variation represents a significant deterioiation in dynamic performance due to
separate inlet and engine control. These results also imply that for integrated
control it may be possible to operate closer to the inlet unstart condition and

I Tthereby achieve greater inlet pressure recovery.

As noted before, the g.Ins of the integrated controller are very similar to

T the gains of the separate inlet and engine controllers, except that the integrated
controller conttins inlet-engine cross-coupling terms. To obtain further insight

into the influence of thase cross-coupling terms, the inlet-engine model response

rwas calculated for the integrated controller with cross-coupling gains zeroed.

Results showed that inlet-engine performance with the cross-coupling terms removed
from the integrated controller was almost identical to system performance w4th the

separately designed controller. This indicates that the improved Lnlet performance

with the integrated control was a direct result of the cross-coupling feedback gains.

I To determine whether a controller without inlet-engine cross-coupling gains

could be designed to perform as well as the integrated controller, the normal shock
position weighting, q8, in the inlet control performance index (Eq. (7)) was in-

I creased. Recall that it was the normal shock whose response deteriorated the most
with the separate controllers. As the change in inlet normal shock position was

penalized more heavily, the observed variation in normal shock position for the

16
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I separate controllers decreased, but the variation in throat Mach number increased.
The engine response remained essentially unchanged. When the weighting (q8) was
increased to the point where the throat Mach number variation was the same as that

I for the integrated control (recall that it had beea less for the separate controls

with the original % weighting), the normal shock position variation was approxi-

mately double that of the integrated control. The weighting was then further
I increased until the variation in normal shock position was essentially the same as

that for the integrated control. Inlet response for this controller is ccnpared
with inlet response for the previously developed integrated controller in Fig. i.
The throat Mach number variation is six times larger with the separbtely designed
controllei than with the integrated controller. The bypass area excursion also
increased by a facto: of four while the throat area excursion increased by a factor

of six, Both inlet actuators were required to move tvice as fast with the separate
controllers as with the integrated controller. Because the engine control remains

unchFaged, and the computed inlet variations due to the afterburner ignition have
I little effect on the engine, the engine response was identical to that presented

in Fig. 12. The inlet weighting factors and inlet gain matrices (Gli and G2 1 )
for this high q8 weighting controller (q8 = 50,000) are shown in Table XIV. The

E.jgine control was not changed so that its parameters remain as given in Table XIII.

iThe results discussed here demonstrate that inlet response to an afterburner

ignition can be improved by an integrated controller. The optimal control theory
identified fan corrected airflow as a coupling variable and defined cross-coupling

r gains to provide improved inlet regulation of the effects of a downstream distur-
bance. The cross-coupling feedbacks from engine to inlet modulated the inlet con-
trols so as to maintain normal shock position with a smaller variation in throat
Mach number and less control effort than the separately designed controller. The

engine response to inlet distortion was not investigated. However, the computed
coupling gains from the inlet to engine verify that the fan inlet total pressure

r coupling variable was identified by the control synthesis procedure. These gains

could be used to modulate the engine inputs and improve engine performance to an
upstream disturbance.

I
I

' I
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CURRENT U.ARL PROGRAM

IThe carrent UARL program sponsored by ONR is focused on the development of
pd.ameter identification and adaptive control for advanced technology propulsion
systems*. Identification of engine parameters is the key to applying the control
optimization method described in this report to a real rather than simulated engine.
That is, the piecewise-linear/piece-wise-optimal approach tc multiariable control
synthesis requires that tlhe engine stability and control derivatives be known (A,
B, C and D matrices). Accurate determination of turbofan engine stability and
control parameters is difficult, because (1) not all engine variables can be sensed,
(2) data from sensed engine variables are noise-corrupted, and (3) the parameter
values change with altitude, Mach number, and power lever angle. Algorithms which
account for these difficulties and provide valid estimates of the engine dynamics
are currently not available.

Modern (optimal) filtering methods are applicable to realistic jet engine
estimation problems, e.g., operation on noise-corrupted engine input-output data
and incomplete sensing of engine variables. Optimal filtering theory is being
employed in the current UARL studies to estimate those paramelters which are criti-

r cal in assessing engine performance. Also, on-line computat.on of engine parameters
provides the data necessary to develop and, implement a self-Fdaptive control algo-
rithm which would optimize propulsion system performance in flight. The feasibility
of using these newly estimated parameters as the basis for on-line adaptive control
optimization will be evaluated in the UARL program. An algorithm for adaptive
engine performance control will be developed using thrust specific fuel consumption
as the performance criterion for the optimization process.

|

I *In a related program being funded by P&A, UARL and P&WA engineers are evaluating
hardware and software requirements involved in implementing the optimal multivariable
controllers dIevelcped under ONR sponsorship. A PDP-11 digital computer is beingI coded to simulate the optimal multivariatle controller in real time. An F401 engine
model, defined by the parameters of Tables II and III, is being programmed on a
Beckman analog computer. The resulting rcal-time hybrid simulation will be used
(1) to study system accuracy and closed-loop stability, (2) to investigate digital
control cycle time requirements, and (3) to resolve interface problems associated
with a discrete controller and a continuous F401 engine.

18
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ILIST OF SYMBOLS

A Constant n x n matrix used to describe linearized system dynamics

ABy Perturbed bypass area, normalized

Aj Perturbed jet exhaust area, rormalized

P-H Perturbed throat area, normalized

Constant a x m matrix used to deqcribe linearized system dynamicsI
C Constant p x n matrix used to describe linearized sy.tem dynamics

I CSM Perturbed compre:.sor stability margin, normalized

D Constant p x m matrix used to describe linearized system dynamics

deg Degrees

S E Constant 4 x 7 matrix relating system output tc commanded output

F Perturbed thrust, normalized

FSM Perturbed fan stability margin, normalized

G Standard optimal closed-loop feedback gain matrix

Gm x npartition of the matrix G

GIE 5 x 5 partition of the inlet-en.ine gain matrix G1

GIEI 5 x 2 partition of the inlet-engine gain matrix GI

I GII 2 x 2 partition of the inlet-engine gain matrix GI

GlIE 2 x 5 partition of the inlet-engine gain matrix G1

G2  m x m partition of the matrix G

G2E 5 x 5 partition of the inlet- ngine gain matrix G2

G2EI 5 x 2 partition of the inlet-engine gain matrix G2

2
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LIST OF. SYMBOlS (Continued)

i2 x 2 partition. of the inlet-en e gain matrix

5 0 2 x 5 partition of the inlet-engine gain matrix

H 4 x 4 op imal integral feedback gain matrix

I IGI Perturbed fan inlet guide vanes, normalized

i General subscript

T Performance index

f L 4 x 5 optimal integral feedback gain matrix

M m x m feedforward gain matrix

m Dimension of system control vector u

H Perturbed throat Mach number

11NC  Perturbed high ccmpressor speed, normalizedI
NF Perturbed fan speed, normalized

I N Fan speed, normalized

1; High compressor speed, normalized

n Dimension of system state vector x

I PLA Power-lever angle

p Dimension of system output vector y

qPerformance index weighting factor --- a scalar

RCVV Perturbed rear compressor variable vanes, normalized

r i  Performance index weighting factor --- a scalar

TIT Perturbed high turbine inlet temperature, normalized

21
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LIST OF SYI14BOLS (Continued)

I t Time, sec

u m x 1 control vector

u* m x 1 optimal control vector

S i t h comonent of u

uj jth inlet control variable

v 4 x 1 vector consisting of those elements of the output vector y

whose steady-state values it is desired to specify

vi  it h component of v

w m x 1 control rate vector --- w = du/dt

I Wab Perturbed afterburner fuel flow, normalized

'air Perturbed fan airflow, normalized

I wf Perturbed main burner fuel flow, normalized

x n x 1 state vector

xth component of x

x s  Perturbed normal shock position, normalized

xi th inlet state variable

y p x 1 output vector

I Yi ith component of y

Ylj jth inlet output variable
I

z m x 1 command inpt vector

zi  ith component of z

22
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I LIST OF SY IS (Concluded)

T Variable of integration

(") Time derivative of the quantity in parentheses

d( ) Differential of the quantity in parentheses

I( ) Perturbational value of the qualtty in parentheses

_ Equals by definition

I

I
I
I
I
I
I

I

I
I
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TA.BLE I

1lCRIMki=ZZD ST ADY-STATE ENIGE PARM.IFEMS
AS A FUCTION CC PUdM LEVER ANGLE

J Engine Parameters Payer Lever Angle, PIA-deg

Type Parameter 20 35 47 6c 73

Thrust 0.09 0.35 0.52 0.72 1.0

High T-u rbine Inlet Temneratvre 0.56 0.73 0.81 0.90 1.0

Output Fan Airflo-r 0.34 o.62 o.73 0.85 1.0
Fan Stability M._argin 0.10 0.14 o.18 O.32 0.12

Compressor Stability Margin 0.16 0.18 0.18 0.19 0.19

I Fan Turbine Inlet Temerature 0.57 0.72 0.81 0.90 1.0

Main Burner Pressure 0.21 0.45 0.59 0.77 1.0
State Fan Speed 0.49 0.74 0.83 0.91 1.0

Hibh Compressor Speed 0.69 0.83 0.88 0.93 1.0
Afterburner Pressure 0.40 0.55 0.66 0.82 1.0

I jet Exhaust Area 0.98 0.98 0.98 0.98 1.0

Control Fan Inlet Guide Vanes -0.50 -0.50 -0.50 -0.34 -0.08
Rear Compressor VariaLle Vanes -1.11 -0.39 -0.17 0.04 0.20
Main Burner Fuel Flow 0.12 0.33 o.46 0.70 1.0

!24
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j TABLE n

ID=CIFD VLJE CF L..'ER,=-D MlMf-IE DMUKAICS -
I A AID B M ICES AS A F N. -IC i (F P(MER L-. AIIGLE

PtiA- deg M."atrix !.trix Fleents

-56.450 19.387 2.1403 -48.947 17.867
8.066 -71.982 2.184 4-7.5 21 -1.2', I

A 0.123 4.135 -1.672 -0.500 -2.463
0.222 3.912 -0.098 -2.791 -0.514[ -0.877 5.472 1.309 -2.938 -9-303

0.626 0.005 -1.247 103.080[ -o.183 0.001 1.362 3.300
B -0.011 -0.o85 -0.0nl 0.030

Ooo4 0.003 -0.097 -0.131[ -0.917 0.017 -0.147 0.198

-64.848 12.421 -15.113 -36.828 2.202
23.201 -68.8o0 24.036 66.740 7.405

A o.448 4.983 -2.911 -o.766 -2.742

1.253 2.071 -0.473 -2.881 -0.777

-1.720 7.956 -0.538 -3.743 -7.617

O.808 -0.144 -4.129 56.602
0.320 0.260 5.866 -2.124

B -0.063 -0.132 -0.055 -0.316

-0.074 -0.011 -0.180 -0.733
-2.856 -0.258 -0.589 -0.397

-57.096 3.613 -10.211 -5.481 -2.715
19.832 -72.340 30.295 40.972 15.327

A 0.660 4.496 -3.601 -0.011 -2.808
g 1.326 2.313 -0.809 -3.032 -o.821

O 0.882 0.703 2.922 1.471 -4.596

l1.17 -0.553 -3.941 39.792
-0.125 1.416 7.888 4.181

B -0.0'g -0.316 -0.031 -0.382
-0.088 -0.033 -0.253 -0.565

-3.563 -o.149 -0.097 -0.785

I(Co'itinued)
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TAB T II (Concluded)

PIA-deg Mtrix Matrix Elem-nts

-39.255 -21.855 4.762 8.122 4.71

--3.034 -31.287 9.385 15.460 4.615

A 0.798 4.729 -3.880 -o.156 -3.095
1.539 1.9,1 -o.828 -2.524 -0.817[ -_ 0.1425 -2.882 4.688 3.235 -3.436

2.017 0.370 -0.273 27.141

1 -1.572 0.598 4.171 9.866
B -0.145 -0.394 -0.036 -0.362

-0.120 -0.o65 -3.367 -0.5131 -4.471 -0.069 0.339 0.396

-34.013 -9.303 12.037 -2.398 -1.254

4.389 -38,762 -4.221 28.480 14.,r-9

A -4.755 2.287 -0.400 -1.546 -2.200
2.046 1.062 -0.-729 -2.150 -0.624
4.151 -8.814 -0.167 7.477 t.099

73
0.766 0.546 -o.813 17.095
0.056 1.341 7.737 8.641

B 0.156 -1.176 -0.416 2.034

-0.137 -0.024 -0.55, -0.378

-4.729 0.874 1.617 0.223

2
I
I
I
i
I
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I TABLE III

IDENIFF ED VAUJES OF LINEARIZED F-11E DYNAMICS -

C AIED D %AllE AS A FUNCTIff OF PCMR, LER ANGLE

I PIA-deg Mtrix Matrix Elezmnts

0 0 0 0 0

5 0 0 0 0 0

-o.oo6 -0,025 -0.013 0.002 2.118
C 1.057 0.471 -0,028 -0.028 -0.2281 -0.023 0.075 1.103 -0.030 -0.304

-0.053 0.314 0.329 -0.109 -1.546
-0.244 -4.114 -0.026 4.415 -0.023

20 0 1.0 0 0

0 0 1.0 0

0.095 -0.002 0 0.009
D -0.004 0.001 -0.003 -0.183

-0.003 0.079 -0.002 0.012
.-0.022 0.46 -0.004 0.021

-0.007 -0.005 0.001 0.222

1 0 0 0 0 0
0 0 0 0 0

-0.003 -0.031 0.001 0.008 1.618
C 1.064 0.231 -o.o6i -0.031 -0.129

-0.035 o.161 1.114 -0.003 -0.386
-0.101 0.663 1.443 -o.o65 -1.562

0.013 -1.624 0.602 2.218 0.238

35
0 1.0 0 0
0 0 1.0 0

0.372 0 0.001 0.007
D -0.011 -0.002 -0.005 -0.105

J -0.023 o.068 0.002 0.0o8
-0.081 0.133 0.020 0.041

0.007 0.009 0.121 -0.038

0 0 0 0 0
0 0 0 0 0

-0,037 0.031 -o.o6 -o.o42 1.368
47 c 1.081 o.149 -0.057 0.001 -0.086

-0.006 0.098 1.298 -0.014 -0.236
1 -0.053 0.241 0.339 0.076 -0.925

_ 1 -0.250 -1.154 o.415 1.751 0.226

27 (Continued)
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iABLE TiI (Concluded)

j ,_Adeg Matrx Matrix Elements

0 1.0 0 0
0 0 1.0 0

0.546 0.003 -0.005 0.018
47 D -0.013 -0.002 0 -0.086

-o.026 0.152 0,004 0.009
-0.077 0.078 0.08 0.021
-0.007 0.018 0.108 o.116

1 -002

S-0.020 0.037 -0.oo5 -0.025 1.357

C 1.059 0.119 -0.051 0 -o.o66
-o.16 0.032 1.479 0.025 -o.136
-0.151 0.124 0.314 0.120 -o.780
-0.847 -0.109 -0.126 1.456 -0.119

60
0 1.0 0 0
0 0 1.0 0
0.783 0.003 -0.06 0.002

I D -0.015 -0.003 -0.00 -0.64
-o.o16 0.192 0.007 0.009
-0.063 o.o4 0.020 o.o64
-o.047 -0.02 0.024 0.252

0 0 0 0 0I0 0 0 0 0
-0.042 o.o63 0.03 -0.054 .4

C 1.o45 0.092 -o.o6o -0.028 -0.050
0.386 0100 -0.217 0.170 -0.095
0.305 -0.326 -o.458 0.584 -0.538

-o.183 -0.564 0.394 -o.165 0.394

73
0 1.0 0 0

r 0 0 1.0 0
I 1.044 0.001 -0.013 0.002

D -0.015 -0.003 -0.013 -0.044
-o.043 0.278 0.035 -C.155
-0.101 0.281 0.137 -0.041
0.073 0.047 -0.091 0.050

!28



I I 19Ul620-2

jTABLE IV

!OR1' IZED POSITION MID RATE
L. hTS FCR ENGINE C( OIS

Iiua'ized Limits

Controls Rat e UPper Loer
Position Position
Limit Limit

Jet Exhaust Area z1.28 2.3 0.8
Fan inlet Guide Vanes t-1.25 0 -0.5
Rear Comressor Variable Vanes ± 5.00 0.2 -2.0
Main Darner Fuel Flow ± 1.76 1.2 0.1

I
i

I
I
i
i
I

I 29
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~3 I

f TARIEV

PERFOR14AN=E 11DEX WEIGHT-IBG FACTORS FOR DESIGN OFIOPMflAL I4CLTIVARIA LEE i!NE C0NTROLLER

Performance Index and Weighting Factors of Eq. (3)

r Pbwer Lever Output Weighting Factors Control Weighting FactorsAngle,

PTA-deg ql q 3 j4 q5 06 rI  r2  r3  r4

20 160 40 10 2500 0 2000 5000 16 500 5
35 160 40 10 5000 0 100 1000 16 100 5
47 16o 4o 500 4oo00 640 0 25 16 1
60 160 4o 500 20000 64o 0 25 16 1 5

73 16o 4o iOO0 500 0 160 16 1 9

q = weighting on perturbed fan inlet guide vanes

q2 =Aweighting on perturbed rear compressor variable vanes

3a= weighting on perturbed thrust

q4 =weighting on perturbed high turbine inlet temperature

q 5 =weighting on rate-of-change of fan stability margin

r q6  weighting on rate-of-change of high compressor stability margin

r I  weighting on rate-of-change of exhaust area

I r 2 = weighting on rate-of-change of fan inlet guide vanes

r weighting on rate-of-.change of rear compressor variable vanes

3
r4 weighting on rate-of-change of fuel flow
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I TABLE VI

FE BACK GAIN H AND L MATRICES FCR

I OPTIMAL 11I TIVARIABLE ENGINE CMTMOLLER

Intermediate Values of H and L Scheduled

Linearly with High Compressor Speed, N2

[Power
Ange, Matrix Matrix Elements

Angle, 112

PLA- deg

0.001 0.001 0.073 -0.057

H -3.144 -0.024 0.002 -1.307
H 0.003 -0.282 -0.006 0.220

0.064 -0.057 0.012 -4.930
[ 20 o.69

-0.001 -0.006 0.013 0.046 0.011

-0.z46 -3.457 0.122 1.699 0.055
-o.o6 -0.494 -0.037 0.907 -o.o18
-1.447 -7.308 0.207 3.635 0.107

-0.027 0.017 -0.481 0.685
-3.161 0.002 0.019 0.064

0 -0.627 -0.022 0.283

1-0037 -0.163 0.124 -31.369

35 0.83
-0.007 -0.027 -0.121 -0.452 -0.052

I -o.oo4 0.047 -0.013 -0.038 -0.04
-0.010 0.091 -0.037 -o.o94 -0.018
-0.801 -2.518 1.101 2.756 0.518

o.826 0.505 3.578 -2.175
-2.554 0.086 2.497 0.457

H 4.252 -4.777 8.690 37.490

0.467 -0.293 0.223 -87.033
47 0.88

-0.001 0.209 o.494 i.063 2.302

0.151 -0.359 -0.015 0.752 2.156
1.254 -2.308 -2.333 3.453 14.077

-1.187 -0.523 -0.124 0.276 1.860

~(Coatinued)
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TABLE VI (Concluded)

Power

Lever7 N Matrix Matrix Elements

Angle, 2
I PLA-deg

o.836 0.280 3.736 -6.991

-2.680 0.058 2.482 2.685
3.319 -5.106 6.819 35,689
0.230 -0.201 -0.811 -54.422

I6o 0.93
-0.072 -0.185 0.752 1.309 2.617

L 0.297 -0.143 0.033 0.592 1.701
L 2.372 -3-.665 -2.029 2.866 11.213

-0.902 0.237 -0.472 -0.258 0.690

I -0.068 0.252 2.070 -o.416
-3.143 0.056 -0.674 0.347
-0.908 -5.350 16.616 1.255

-0.217 -0.357 -1.855 -7.218

73 1.0
0.029 -o.185 o.499 0.322 o.962

-0.005 0.009 0.107 -0.009 -0.038
0.363 -1.163 1.864 1.234 5.684

-0.155 0.095 -0.815 0.034 -0.535

I!

I

I

I
SI
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TABLE VII

LflRIZ IMET DYNAMICS
J AT 40,000 FT, MACH 2.2 OPEATING CONDITION

Matrix Matrix Elements

A -100.00 0

236.40 -37.04

B 0 30.00 136.89
-427.20 0 0

0 0

C -0.18 1.00

0.03 -o.16

-2.52 0 0
D 2.41 0 0

0.14 0 0

State Ordering Control Ordering Output Ordering

Inlet state 1 (see Fig. 11) Throat area Throat Mach number
Inlet state 2 (see Fig. 11) Bypass area Normal shock position

Fan corrected airflow Fan inlet total pressure

I

I

II
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TABLE VIII

NORMALIZED STE.DY-STATE INT-T-ENGIN'E PYkMETERS
AT 40,000 FT., MACH 2.2 OPERATING CONDITION

SPramramett Normalized

Type Parameter Name Value

I Thrust 1.48
High Turbine Inlet Temperature 1.07

I Fan Corrected Airflow 0.71
Output Fan Stability Margin 0.23

Compressor Stability Me.gin 0.19
I Throat Mach Number 1.30

Inlet Normal Shock Position 0.16
Fan Inlet Total Pressure 1.0

Fan Turbine Inlet Temperature 1.08
Main Burner Pressure 0.88

I State Fan Speed C o 97
High Compressor Speed 1.03
Afterburner Pressure 0.91

Jet Exhaust Area 1.83
Fan Inlet Guide Vanes -0.50
Rear Compressor Variable Vanes -0.34

Control Main Burner Fuel Flow 0.85
Afterburner -luel Flow 1.0
Throat Area 1.0
Bypass Area 0.11

3

I
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'VET.P IX

AT LINEARIZED EUGI-E DYNWAICS

AT 40,000 FT, MACH 2.2 OIERATIG CONDITION

PDA = 120 deg

* jtrix Matrix Elements

-55.478 2.64o -5.583 -13.881 0.651
27.172 -93.200 48.331 117.200 11.393

A 0.801 4.783 -5.872 -0.351 -2.824
2.146 1.636 -o.656 -3.967 -0.560
3.148 0.354 7.076 2.516 -8.539

0.500 -0.417 -3.085 28.630 0 -21.8831 -0.806 1.214 12.911 4.734 -0.260 63.993
B -0.074 -0.326 -o.oo6 -0.275 -0.045 -1.154

-o.o8o -0.026 -0.270 -0.755 -0.015 -0.310[ -4.362 0.583 0.326 -1.237 1.946 6.195

0.001 -0.007 -1.84o -0.131 3.405
S1.128 0.073 -0.050 o.064 -0.058

C 0.011 -0.015 1.168 0.102 -0.092

0.093 -0.081 0.658 0.639 -0.429
-0.210 -0.687 0.388 1.451 0.115

1.481 -o.144 -0.017 -0.008 o.o4 -1.270
-0.009 0.001 0.008 -o.o86 0 o.o61

D -0.007 0.091 0.o14 0.004 -0.002 0.108

-0.031 0.078 0.079 0.001 -0.027 0.523
0.004 o.o18 0.075 o.o63 o.oo6 o.439

State Ordering Control Ordering Output Ordering

Fan turbine inlet Jet exhaust area Thrust

temperature Fan inlet guide vanes High turbine inlet

Main burner pressure Rear compressor variable temperature

Fan speed vanes Fan corrected airflow

j High compressor speed Main burner fuel flow Fan stability margin

Afterburner pressure Afterburner fuel flow Compressor stability
Fan inlet total pressure margin
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I TABLE X

LEIEARIZED IhTEP-ENGBE DYIA-MCS
AT 4O, 000FT I CH 2.2 OPERATM CONDITICN

J Matrix atrix Elements

-55.478 -2.640 -5.583 -13.881 o.651 -0.643 3.5011 27.172 -93.200 48.331 17.200 11.393 1.881 -10.239

0.801 4.783 -5.872 -0.351 -2.&-)4 -o.o34 o.185
A 2.146 1.636 -0.656 -3.967 -0.560 -0.009 0.050

3.148 0.354 7.076 2.516 -8.539 0.182 -0.991

1.445 -2.120 159.940 iL.024 -12.610 -99.565 -2.370
0 0 0 0 0 236.400 -37.040

0.500 -.417 -3.085 28.630 0 -3.092 0
-0.806 1.214 12.911 4.734 -0.260 9.044 0

B -0.074 -0.326 -0.006 -0.275 -0.045 -0.163 0
-o.o8o -o.o26 -0.270 -0.755 -0.015 -o.o44 0
-4.362 0.583 0.326 -1.237 1.946 0.875 01-1.024 12.512 1.870 0.501 -0.338 2.093 30.000

0 0 0 0 0 -427.200 0

1 0.001 -0.007 -1.840 -0.131 3.405 -0.037 O.P03
1.128 0.073 -0.050 0.064 -0.058 0.002 -0.010
0.011 -0.015 1.168 0.102 -0.092 0.003 -0.017

c C 0.093 -0.081 0.658 0.639 -0.429 0.015 -0.084
-0.210 -0.687 0.388 1.451 0.115 0.013 -0.070,

0 0 0 0 0 0 0
0 0 0 0 0 -o.i 4 1.000
0 0 0 0 0 0.029 -0.160

11. 4,9 -o. I 41 -).()17 -0.000 0.01L -o.180 ,0
-0.009 0.001 0.008 -o.o86 0 0o.io 0

-0.007 0.091 o.ol4 0.004 -0.002 0.015 0

D -0.031 0.078 0.079 0.001 -0.027 0.074 0
0.004 0.018 0.075 0.063 o.006 o.o62 0
0 0 0 0 0 -2.520 0
0 0 0 0 0 2.413 0

A)0 0 0 0 0 o.141 C

(Continued)
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TABLE X (Concluded)

State Ordering Control Ordering Output Ordering

Fan turbine inlet Jet exhaust area Thrust

temperature Fan inlet guide vanes High turbine inlet

SMain burner pressure Rear compressor variae.e temperature

Fan speed vanes Fan corrected airflw

High compressor speed I-ain burner fuel flow Fan stability margin

Afterburner pressure Afterburner fuel flow Compressor stability

Inlet state 1 (see Fig. 11) Throat area margin

Inlet state 2 (see Fig. 11) Bypass area Throat Mach number

Normal shock positionI _Fan inlet total pressure

I3
I
I
I
I
I

I
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TABLE XI

PFORZMAHCE -D- WEIGHTDfIG FACTORS FOR

3 DESIGN OF flIIT-EUGMhE C01NTROLIS

I Weighting Perturbei P arameter Weighted Value
Factor

q! High Turbine Inlet Temperature 500

-2 Fan Corrected Airf!ow 6400

q 3 Fan Stability Margin 100

oh Compressor Stability Margin 200

I 5 Fan Speed 500

60 High Compressor Speed 250

I q7  Throat Mach Number 100

8a Normal Shock Position 100

r I  Rate-of-Change of Exhaust Area 15

r 2  Rate-of-Change of Fan Inlet Guide Vanes 16

r3  Rate-of-Change of Rear Compressor Variable Vanes 1

r 4  Rate-of-Change of I-ain Burner Fuel Flow 8

r 5  Rate-of-Change of Afterburner Fuel Flow 10

1 r 6  Rate-of-Change of Thrott Area 22

r 7  Rate-of-Change of Bypass Area 2

j r8  Fan Corrected Airflow (Inlet Control Design Only) 107
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TABLE XiI

FEEDBACK GAlI .1MRICES Gi AND CGe OF TIE ThT)3ATEi)

I _GIL'T-MiGME COITROLL- FCR. WEI TIGS SHCm Dli TABLE XI

I Matrix '.'atrix Elements

1 -o.185 -0.151 -1.826 -3.341 0.832j -0.012 -0.007

-0.137 -o.189 -3.946 -1.24o 0.740 -0.054 -0.012
-1.844 -2.190 -36.135 -27.566 lO.438 1 -0.130 -0.033

G, -0.736 -o.473 -6.995 --7.335 2.566 -o.o94 -o."' n

- 0 0 0 0 0 I 0 0

0.221 0.266 6.092 1.268 -0.907 0.768 0.2151 -0.712 -0.941 -19.702 -6.188 3.484 -1.543 -0.479

-1.579 -0.093 -0.350 -1.034 1.021 0.189 -
I _/.PP - -. " * ]'" . 0.659 - '.I 1~.499 -030

-5.245 -2.350 -4.51b -4.535 3.54i 2.768 -1.397

-1.939 -0.392 -0.567 -5.734 1.257 1.499 -o.301
0 0 0 0 0 0 0

0.129 0.48O o.126 0.51L5 -0.127 -13.8'2 1.9o41 -0.580 -1.565 -0.699 -1.206 0.537 21.602 -6.964

I
~I

I

I
I

'i ~ ~~~39 .......
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I TABLE X111

FEEDBACK GAIN 1.WICES GANMD G2OF MH SEPARATE

I IlfLET-ETIGUlE CO TROLLERS FOR WEI(GI l[GS SHCWN Di TABLE XI

S I 1trix Matrix Elements

g -0.179 - o. !4 -1.679 -3.266 0.797 0 0
. -0.113 -o.156 -3.230 -1.079 0.628 0 0

-1.692 -1.996 -32.509 -26.146 9.682 I 0 0

G1  -0.693 -0.417 -5.871 -6.888 2.338 0 0

O 0 0 0 0 0
0 0 0 0 0 0.870 0.258
0 ) 0 0 0 -1.741 -. 570

-1.575 -0.082 -0.34o -i.018 1.018 0 0

1 -0.077 -0.674 -0.129 -0.152 0.080 0 0
-5.107 -2.065 -4.362 -4.104 3.421 I 0 0

G2  -1.908 -0.304 -0.513 -5.680 1.226 I 0 0

S0 0 0 0 0 -14.984 2.167

0 0 0 0 0 23.838 -7.266

'o
I
I

o0
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I TABLE XZV

FEEDBACK GAIN MARICES GlI AND ^2I FCR INLEET CONR0L WITH
nCREASD PERFO MUCE nlDEX WEIGHirn ON IORMAL SHOCK POSITION

I
Matrix Mztrix Elements

53.494 15.752

-106.880 -59.05

G -148. 2o 20. 389

G21 224±.28o -42.391

.41

I

I

I
I

I
1
I

| 141
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~'; N91 1620-2 FIG. 2
OPTIMAL CLOSED-LOOP STRUCTURES FOR STANDARD LINEAR AND INTEGRAL CONTROLS

I !a) LINEAR PLANT AND CONTROL DYNAMICS AUGMENTED WITH INTEGRATORS

II
ID

(b) STANDARD LINEAR OPTIMAL CONTIIOL
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I (c).OPTIMAL INTEGRAL CONTROL

6I4 u x y Es

MARI
'IL



N911620-2 FIG. 3
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N911620-2 FIG. 5

NORMALIZED F401 TEMPERATURE AND STABILITY MARGIN RESPONSES

I FOR OPTIMAL AND CONVENTIONAL CONTROLLERS

RESPONSES PRODUCED BY STEP CHANGE iN PL.A F ROM 20 DEG UIDLE-9 PERCENT) TO 73 DEG (MILITARY-100 PERCENT)

I _ _~OPTIMAL MULTI VARIABLE--------CONVENTIONAL CONTROLLER
CONTROLLER

(a) HIGH TURBINE INLET TEMPERATURE

F 1.2

1 1.0

1 0.6

1 0.4 I

I (b) COMPRESSOR STABILITY MARGIN
* ~~~~~~~0.20 -________________________

1 0.15

1 0.10

*.5 ZERO STABILITY
0.3 MARGIN

U0.028 UNACCEPTABLE

U (c) FAN STABILITY MARGIN
0.28-

0.23

0.13 /Z 
-E/ I ZERO STABILITY

MARGIN UNACCEPTABLE

I000 1.0 2.0 3.0 4.0

TIME SECN02- 89-4
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NORMALIZED F401 SPOOL SPEED AND AIRFLOW RESPONSES

FOR OPTIMAL AND CONVENTIONAL CONTROLLERS

RESPONSES PRODUCED BY STEP CHANGE IN PLA FROM 20 DEG (IDLE-9 PERCENT) TO 73 DEG (MILITARY-100 PERCENT)

I ________OPTIMAL MULTIVARIABLE - - --- CONVENTIONAL CONTROLLER
CONTROLLER

I (a) FAN SPEED
1.0

0.8

0.6

1 0.4

1 ~0.21II

(b) COMPRESSOR SPEED
1.0

1 0.9

1 0.8

0.7 _ J

I (c) AIR FLOW
1.1

1.0

I0.9 /
0.8 -10

I0.7
0.6

10.5
0.4 -

0. :I0 1.0 2.0 3.0 410
TIME - SEC

N 02-89-5



I
N911620-2 FIG. 7

INORMALIZED F401 EXHAUST AREA RESPONSE

FOR OPTIMAL AND CONVENTIONAL CONTROLLERSI
I
i

EXHAUST AREA RESPONSE PRODUCED BY STEP CHANGE IN PLA FROM
20 DEG (IDLE-9 PERCENT) TO 73 DEG (MILITARY-1 00 PERCENT)

OPTIMAL MUL7IVARIABLE ----- CONVENTIONAL CONTROLLER
CONTROLLER

1.1 -.-..- -

I\

I ".

Ii: 1.0 ...
LU

<-IX
w
I-T -0.9

!w

IPOSITION LIMIT

0.8
0 1.0 2.0 3.0 4.0

TIME - SEC

N02-89-2



N911620-2 FIG. 8I
INORMALIZED F401 MAIN BURNER FUEL FLOW RESPONSE

FOR OPTIMAL AND CONVENTIONAL CONTROLLERS

I
F UEL FLOW RESPONSE PRODUCED Bw STEP CHANGE iN PLA FROM 20 DEG IlDLE-9 PERCENT) TO 73 DEG IMILTARY-100 PERCENTI

OPTIMAL MULTIVARIABLE CONVENTIONAL CONTROLLERI CCNTROLLER

11.1

0.9 -

0.8 -

I 0 0.7
-i

: 0.6

i . //,
/LI

o 0.5 9
U z/
I 0.4/

~0.2

3 0.1

U0

0 0 2.0 3.0 4.0

TIME -SEC

N'02-89-1



N911620-2 FIG. 9

INORMALIZED F401 FAN INLET GUIDE VANE RESPONSE
FOR OPTIMAL AND CONVENTIONAL CONTROLLERS

I
FAN INLET GUIDE VANE RESPONSE PRODUCED BY STEP CHANGE IN PLA
FROM 20 DEG (IDLE-9 PERCENT) TO 73 DEG (MILITARY-100 "ERCENT)

IOPTIMAL MULTIVARIABLE - CONVENTIONAL CONTROLLER
CONTROLLER

INCREASING FAN FLOW AREA!z

0O 0.2

0
II

zl

1" -0.4

L STEADY STATE SCHEDULE

I- - -- -----------------------------

-0.8 I I I I

0.4 0.5 0.6 0.7 0.8 0.9 1.0

I FAN SPEED

I

) N02-89- 10



N91 1620-2 FIG. 10I

I NORMALIZED F401 REAR COMPRESSOR VARIABLE VANE RESPONSE

FOR OPTIMAL AND CONVENTIONAL CONTROLLERS

REAR COMPRESSOR VARIABLE VANE RESPONSE PRODUCED BY STEP CHANGE IN PLA
FROM 20 DEG (IL -9 PERCENT) TO 73 DEG (MILITARY-tO0 PERCENT)

OPTIMAL MULTIVARIABLE CONVENTIONAL CONTROLLER
CONTROLLER

I
0.5 INCREASING COMPRESSOR FLOW AREA
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N911620-2 FIG. 12(a)-(d)

I

I NORMALIZED INLET-ENGINE RESPONSE FOR INTEGRATED
AND SEPARATE MULTIVARIABLE CONTROLLERS

I PERTURBATIONS ABOUT NORMALIZED STEADY-STATE VALUES PRODUCED
BY SIMULATED AFTERBURNER IGNITION

RESPONSE FGR INTEGRATED CONTROLLER

RESPONSE FOR SEPARATE CONTROLLER

(a) PERTURBED THROAT MACH NUMBER
0.002 i-0.0o18

0

-0.002 I I

1 0 (b) PERTURBED NORMAL SHOCK POSITION
0 " '; --0.0053w - -

-0.01 \ /

-0.02 .170 I

0 (c) PERTURBED THRUST

I _ _ _ _ _I

0(d) PERTURBED HiGH TURBINE INLET TEMPERATURE

--- 0.0044

oU - - - - - -i -'

0 v I",

0 1.0 2.0. 3.0 4.0 5.0 6.0 7.0 8.0

TIME - SEC

I
N02-89-11
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N91 1620-2 FIG. 12 (e)-(i)I
NORMALIZED INLET-ENGINE RESPONSE FOR INTEGRATED

I AND SEPARATE MULTIVARIABLE CONTROLLERS

PERTURBATIONS ABOUT NORMALIZED STEADY-STATE VALUES
PRODUCED BY SIMULATED AFTERBURNER IGNITION

RESPONSE FOR INTEGRATED CONTROLLER

I RESPONSE FOR SEPARATE CONTROLLER

( e) PERTURBED AIRFLOW

j K - -0.00027

-- 005 1 1 . I 1 1

I0004 (f) PERTURBED COMPRESSOR STABILITY MARGIN

o . 0 0~0 .0 0 0 9 -, , , ,,,

(g) PERTURBED FAN STABILITY MARGIN

- 0.0041- .008-.07
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- uNI1 620-2- FIG. 12 (J)-(I)

NORMALIZED INLET-ENGINE RESPONSE FOR INTEGRATEDJ AND SEPARATE MULTIVARIALE CONTROLLERS

3 IPERTURBATIONS ABOUT NORMALIZED STEADY-STATE VALUES
PRODUCED BY SIMULATED AFTERBURNER IGNITION
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N91 1620-2 FIG. 12(m)-(o)

INORMALHZED ;N LET-ENGINE RESPONSE FOR INTEGRATED

ANjEPRT MULTI VARIABLE CONTROLLERS

j PERTURBATIONS ABOUT NORMALIZED STEADY-STATE VALUES
PRODUCED BY SIMULATED AFTERBURNER IGNITION
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NORMALIZED INLET-ENGiNE RESPONSE FOR INTEGRATED AND SEPARATE CONTROLLERSj WITH INCREASED WEIGHTING OF SHOCK POSITION IN INLET PERFORMANCE INDEX

I
PERTURBATIONS ABOUT NORMALIZED STEADY-STATE VALUES

PRODUCEDBY SIMULATED AFTERBURNER IGNITION
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